The pressure response of multiwalled carbon nanotubes ͑MWCNTs͒ to the radial hydrostatic pressure is studied by using constant pressure molecular dynamics simulations for finite systems. The inner tube is effectively protected by the outer tube against the external pressure. The pressure transmission efficiency of MWCNTs depends upon both the size and morphology combination of the tubes. The larger the tube is, the higher the pressure transmission efficiency will be. The pressure transmission in commensurate MWCNTs is more efficient than that in incommensurate ones. Based on the present simulations, an experimental method is suggested for measuring the pressure transmission efficiency of MWCNTs.
I. INTRODUCTION
The high-pressure property of materials is one of the most important subjects in condensed matter physics. The high pressure experiments are considered as a standard tool for probing the structural transformation and stability, as well as the new structures. Recently, carbon nanotubes, one of the most exotic materials discovered in the past decades, [1] [2] [3] have been the objects of high-pressure experiments. The highpressure studies provide most straightforward information on mechanical properties and structural changes of these unique quasi-one-dimensional materials. For single-walled carbon nanotubes ͑SWCNTs͒, the high-pressure experiments have demonstrated a pressure induced structural transformation. [4] [5] [6] [7] [8] [9] The theoretical researches [10] [11] [12] [13] are also carried out on either isolated SWCNTs or SWCNT bundles. These studies have shown a pressure induced hard-to-soft transition of SWCNTs, together with shape of the cross section changed from circular to elliptical.
Recently, high-pressure experiments on multiwalled carbon nanotubes ͑MWCNTs͒ have also been performed. Contrast to the simple structure of SWCNTs, MWCNTs consist of a set of concentric layers, which represent curved graphite sheets interacting with van der Waals ͑vdW͒ forces. Such a configuration of MWCNTs is also an excellent example for the core-shell structures commonly found in nature. The remarkable feature of this kind of shelly structure is its encapsulation effects, especially when the system is undergoing pressure, the outer shell acts as protector of the inner shell. Recently, high-pressure Raman spectroscopy has been successfully used in the study of MWCNTs. [14] [15] [16] [17] It was found that the pressure transmission from outer tube to inner one is very small. 14 In one of the high-pressure experiments, Arvanitidis et al. found that the outer tubes do act as a protection shield for the inner tubes whereas the latter increase the structural stability of the outer tubes upon pressure application. 15 In addition, double-walled carbon nanotubes ͑DWCNTs͒, the simplest type of MWCNTs, have been studied theoretically. 18, 19 A structural transformation similar to that of SWCNTs is found; however, the transition pressure is quite different from that of the SWCNTs due to the existence of the inner tube. All these studies show that MWCNTs have quite different response behavior to pressure from SWCNTs.
Although experimental efforts have been made to probe the pressure response of MWCNTs, we are still lacking a systematic understanding on how the pressure transmission happens between the individual tubes. For example, usually the outer tube is much softer than the inner tube, by what the outer tube protects the inner one; what is the key factor that affects the protection behavior; more important, can this protection effect be measured in a quantitative way? To the best of our knowledge, there is no any theoretical study carried out on the above questions.
In the present paper, we address the above-mentioned questions using the constant-pressure molecular dynamics method for finite systems. 20 Our results confirm that the pressure acting on the inner tube is much smaller than the external pressure before the MWCNTs structural transition occurs. The pressure transmission efficiency depends upon both the size and morphology combination of the MWCNTs. The paper is organized as follows. Following the computational details described in Sec. II, the calculated results are presented in Sec. III, and summary remarks are given in Sec. IV.
II. COMPUTATIONAL DETAILS
The present calculations are performed on six commensurate armchair/armchair DWCNTs ͑n,n͒ @ ͑n+5,n+5͒ ͑with n =5,6,7,8,9,10͒, two commensurate zigzag/zigzag DWCNTs ͑10,0͒@͑19,0͒ and ͑17,0͒@͑26,0͒, two incommensurate DWCNTs ͑6,6͒@͑19,0͒ and ͑10,10͒@͑26,0͒, and a triple-walled carbon nanotube ͑TWCNT͒ ͑5,5͒@͑10,10͒@͑15,15͒. MWCNTs consisting of tubes which have the same chirality are typically commensurate; otherwise they are incommensurate. The radius difference between adjacent layers of all the tubes studied here is ϳ3.4 Å, which is very close to the ideal layer spacing of graphite.
The present studies use constant-pressure molecular dynamics ͑MD͒ method developed for finite systems. 20 The key point of this method is to write the volume of system as a function of atomic positions. This method is successfully used for the SWCNT and MWCNT systems. For details of this method, the readers are referred to the original papers. 13, 20 In all simulations, the periodic boundary condition in axial direction is adopted to mimic infinitely long tubes without any caps. For MWCNTs, pressure is applied on radial direction of the outer tube directly, the pressure transfers to the inner ͑middle͒ tube through the vdW forces between the tubes. Most simulations are carried out at 300 K, while the system temperature is controlled by using a Nosé-Hoover thermostat, 21 and all the atoms are allowed to move and kept to touch with the heat bath. The Nosé-Hoover thermostat is widely used in studying this kind of system. 13, 22, 23 The equations of motion are solved by using standard MD based on the Verlet type algorithm. A time step of 1.0 fs is used. The pressure is increased from 0 GPa, 100 ps equilibration is set for each increment of pressure. The equilibrated structure at 0 K is obtained by the simulated annealing method. The system is first heated up to around 1000 K, then the system is slowly cooled down with cooling rate ϳ0.01 K / fs. This process is repeated several times, the most stable configuration is thus obtained. With the stable structure for different pressure, the dynamic matrix is numerically calculated using the standard way. 24 By diagonalizing the dynamic matrix, one can easily obtain the phonon dispersive relation for each pressure.
To characterize the pressure transmission, we define a response pressure for the tubes. The response pressure is calculated in terms of Virial 25 and it is the actual pressure the tube "really" experiences. All the interactions contribute to the response pressure of MWCNTS as a whole, and the volume is defined as the volume encircled by the outer-most tube. The response pressure of an individual tube is calculated by taking only its own intratube interaction into account, and the volume is the volume encircled by the tube itself.
The Tersoff-type many-body potential 26 with the parameters given by Brenner ͑in this work we adopt the parameters from potential I͒, 27 is used for the covalent interactions between carbon atoms. This potential has been widely used to simulate diamond, graphite, carbon nanotubes, and many hydrocarbon complexes [28] [29] [30] [31] [32] [33] and also used in our previous simulations. 12, 13, 18 The intertube and intratube vdW interactions are modeled by the Lennard-Jones ͑LJ͒ potential, V vdW = C 12 / r 12 − C 6 / r 6 , where C 6 =20 eV Å 6 and C 12 = 2.48ϫ 10 4 eV Å 12 . 34, 35 This approach has been successfully used to describe the mechanical properties and the phase transition of isolated DWCNT. 18 The cutoff of LJ potential is set as 15 Å in present work. The equilibrium pair separation of LJ potential is shifted to intratube equilibrium distance.
III. RESULTS AND DISCUSSIONS
The zero temperature structures of MWCNTs are obtained by a simulated annealing method, it is found that the circular cross sections of the tubes remain almost unchanged. Without external pressure, the response pressure of the inner tube of DWCNTs is negative, while the outer tube has positive response pressure. This implies an attractive interaction existing between the two tubes, which coincides with our previous work. 18 The similar behavior for TWCNT is also found. For all the cases, the residual pressure ͑response pressure without external pressure͒ is quite small, showing that the geometry configurations of the studied tubes match well.
The response pressure of the inner tube of all the studied MWCNTs is much smaller than the external pressure. Compared with the inner tube, the response pressure of the outer tube is much closer to the external pressure. The left panel of Fig. 1 shows the response pressure as functions of external pressure in ͑5,5͒@͑10,10͒ DWCNT. From this figure, it can be seen that the response pressure of both the inner and outer tube increases linearly with the external pressure below 8 GPa, while the value for the inner tube is about two times smaller than the outer one. As expected, the response pressure of ͑5,5͒@͑10,10͒ DWCNT as a whole is exactly the same as the external pressure. The present results clearly show that the outer tube does act as a shield for the inner tube. To further study response behavior of MWCNTs, TWCNT ͑5,5͒@͑10,10͒@͑15,15͒ under external pressure is also investigated. The result is shown on the right panel of Fig. 1 . The protection is obvious for both the middle and the inner tube, as the response pressure of both the inner and the middle tubes is much smaller than the external pressure. Interestingly, for all the studied tubes, when the external pressure is higher than a certain value ͑ ϳ8 GPa for ͑5,5͒@͑10,10͒ and ϳ7 GPa for ͑5,5͒@͑10,10͒@͑15,15͒, see Fig. 1͒ the response pressure of the inner tube increases sharply, while increasing the response pressure of the outer tube slows down. According to our previous results, 18 the structural phase transition of carbon nanotube happens at this pressure, i.e., the cross section of carbon nanotube collapses from circle to ellipse. As soon as the tube collapses, the shield effect of the outer tube disappears. This behavior is coincident to the softening of the tube after structural transition. 13 Assuming a linear relationship between the response pressure and the external pressure before the structural transition happens, we define pressure transmission efficiency ␤ by
where P r and P e are the response pressure of the inner tube and the external pressure, respectively, ␣ is the response pressure of the inner tube without external pressure. Figure 2 presents the pressure transmission efficiency of as a function of the radius of the outer tube. The pressure transmission efficiency is found to increase with the tube radius. This is understandable. The pressure acting on the inner tube is mainly attributed to the pressure-induced reduction of the interlayer spacing, the larger the radius is, the softer the tube will be. With the same external pressure, the outer tube with larger radius would be easier to compress and deform, then the intralayer vdW interaction becomes stronger. Therefore the pressure acting on the inner tube shielded by the larger outer one would be higher at the same external pressure. We note that the pressure transmission efficiency of all the commensurate tubes, regardless of zigzag/zigzag or armchair/ amchair ones, follows the same trend.
In comparison to commensurate DWCNTs, the incommensurate DWCNTs have lower transmission efficiency. The pressure transmission efficiency are 0.30 and 0.35 for ͑6,6͒@͑19,0͒ and ͑10,10͒@͑26,0͒, respectively, while the pressure transmission efficiency of their commensurate counterpart ͑6,6͒@͑11,11͒ and ͑10,10͒@͑15,15͒ are 0.35 and 0.43, respectively. The present calculations show that the pressure transmission of the commensurate DWCNTs is more efficient. The morphology combination does affect the vdW interaction between inner and outer tubes. For the tubes with the same chirality, their periodic length in the axial direction is the same, which results in each atom having the optimal interaction with atoms in other tubes. This wellmatched cases were also found to show large friction. 33, 36 While for incommensurate ones, all the atoms cannot simultaneously reach the optimal interaction with neighbor tubes, thus the interaction between the inner and outer tubes is weaker. We can probably attribute the different pressure transmission efficiency to different interaction strengths in commensurate and incommensurate DWCNTs.
We have also compared the energy of the Raman active highest E 2g mode 37 as a function of pressure for both SWCNT and the same tube as inner one in a DWCNT. The left panel of Fig. 3 shows the energy versus pressure for the highest E 2g mode of ͑5,5͒ SWCNT and the same tube as inner tube in a ͑5,5͒@͑10,10͒ DWCNT. It can be seen that the energy shift is fairly linear for both cases. More importantly, we find that the energy of the highest E 2g mode is the same for one tube as SWCNT or shielded by an outer tube if actual pressure is taken into account. These results suggest that the pressure experienced by each individual tube itself determines the energy of the highest E 2g mode, no matter if it is SWCNT or a tube in MWCNT. Based on this fact, one can use Raman spectroscopy experiment to measure the energy of the highest E 2g mode and determine the actual pressure experienced by the inner tube. Then the pressure transmission efficiency can be determined experimentally. Fortunately, the high energy Raman active mode of individual tube in MWCNTs can already be measured through high pressure Raman spectroscopy, 15 which makes the suggested experimental method more realizable. 
IV. SUMMARY
By using the constant-pressure molecular dynamics method specially developed for finite systems, the radial pressure transmission behavior of MWCNTs is studied. It is found that the response pressure of inner tube is much lower than the external pressure before structural transition happens. After structural transition, the response pressure of inner tube would increase sharply because the protection effect of the outer tube disappears. The pressure transmission efficiency increases with tube radius. Meanwhile the pressure transmission efficiency also depends upon morphology combination of MWCNTs. With the same size, the pressure transmission efficiency of commensurate MWCNTs is higher than that of incommensurate ones. We have found that the energy of the highest E 2g mode is only determined by the actual pressure the individual tube experiences, no matter if it is SWCNT or a tube in MWCNT. Based on the simulation results, we propose an experimental method to determine the pressure transmission efficiency of MWCNTs.
